diodes 15 , lasers 16 and optical modulators 17 . While most cases deal with classical information, only a few studies have been reported in the quantum regime at liquid helium temperature [18] [19] [20] [21] [22] [23] .
Recently, color centers in hBN have emerged as superb room-temperature solid-state single photon emitters (SPEs) 4 , which opens up the possibilities of utilizing vdW materials as a platform for room-temperature solid-state quantum information systems. They are capable to work at room temperature, and among the brightest SPEs due to its high internal quantum efficiency. Moreover, high-efficiency photon extraction can be greatly facilitated by their intrinsic layered material structures 4 . Consequently, millions of linearly polarized photons per second can be easily detected without additional photon extraction structures. Furthermore, their facile integration with photonic and electrical components is highly preferred for integrated on-chip quantum information systems 13, 14, 24 .
One major challenge for all solid-state single photon emitters is the random variation of emission energy caused by the inhomogeneity in local environment. Such variation breaks the indistinguishability of single photons from multiple emitters, which is critically required for large scale quantum computation, such as universal linear optics 25 and boson sampling 26 . The randomness also prevents scaling up the room temperature quantum communication systems from using wavelength-division multiplexing (WDM), due to the stringent requirement on the precision of photon energy placed by the narrow-band optics, although photon indistinguishability is not required for such applications 3 . Stark effect, which describes the shift of spectra lines by an external electric field (Fig 1c) , can precisely control SPE photon energy and be facilely integrated into quantum systems 6 , advantageous over other tuning methods such as temperature 27 , strain 28 and magnetic field 29 . The Stark effect (Fig 1c) has been used to tune the emission energy of quantum dots 6 , single photon emitters in layered WSe2 5 , atomic emitters such as NV centers and SiV centers in diamond [7] [8] [9] 11 and organic dye molecules 10 , all at liquid helium temperature, because either the emitters only produce single photons at low temperature, or the effect was too weak to observe at room temperature.
In this paper, we report the first room-temperature Stark effect of an SPE, discovered in an hBN color center. Surprisingly, we observe a giant tuning range around 31 meV at 300 K which is one order greater than previously reported in color center SPEs 30 . Moreover, we develop a characterization method to resolve the angular dependence of the Stark effect to determine the underlying symmetry of the color center. With this method, we directly observe, for the first time, a dipolar pattern of the Stark shift that is well aligned with the optical polarization. This dipolar pattern unambiguously reveals an electric permanent dipole moment which proves the breaking of inversion and rotation symmetries at the hBN SPE. The discovered remarkably giant room-temperature Stark effect and the significant advance in understanding its atomic structure could enable new possibilities of quantum information technologies, such as WDM and indistinguishable single photon sources, at room temperature.
To achieve large Stark shift of our hBN SPEs and to fully characterize its dependence on the amplitude and orientation of the local electric fields, we design the nano-scale four-electrode device ( Fig. 1) . SPEs in multi-layer hBN nano-flakes are chosen due to their much better optical performance compared to those in monolayers 4 . Multiple electrodes are carefully designed to surround the SPEs such that we can control not only the amplitude but also the direction of the electric field. Taking the advantage of the nanofabrication, we are able to develop a down-scaled four-electrode device with gaps of 200 nm and 400 nm between the adjacent and diagonal electrodes, respectively, to achieve a large electric field of ~ 0.1 V/nm, orders of magnitudes higher than previous reports 8, 30 . Fig. 1a , b shows microscope images of the fabricated four-electrode device. We locate the SPE on the hBN flake by a localization analysis of its photoluminescence (PL) profile with respect to the electrodes (details in Extended Data Figure   1 ).
The high-quality single-photon emission from the hBN color center is verified by PL spectroscopy at room temperature before applying external electric fields (Fig 2a) . The majority of its PL emission is attributed to the zero-phonon line (ZPL) at 2.088 eV. The narrow full width at half maximum (~ 7 meV) provides evidence as a high-quality emitter. Two small phonon sidebands (PSBs) are observed at 1.921 eV (PSB1) and 1.753 eV (PSB2), with the frequency difference of ~1370 cm -1 corresponding to the E2g phonon of hBN 31 . The well resolved doublet at PSB1 is a typical feature for hBN nanoflake [15] [16] [17] . A few tiny peaks are visible that might result from the PL emission of other color centers in the collected region. The emission of the hBN SPE is linearly polarized (blue circles and curve in Fig. 3b ), which fits well to a cosine-squared function with a visibility of 0.72. Many SPEs are characterized under the identical pump laser polarization and the detected photons are linearly polarized in various directions, thus the polarization observed here is specific to the SPE and not due to optical excitation. We measure the second-order coherence function (g (2) ) after device fabrication using a Hanbury Brown and Twiss (HBT) setup, from which single photon emission is confirmed by a raw anti-bunching dip of g (2) (0) = 0.45 (Fig. 2a inset) . By fitting the g (2) data to a single exponential decay function, we estimate the lifetime of our single photon emitter to be 4.2 ns.
After characterizing and confirming the SPE optical properties, we apply voltages within ±100 V between the electrodes A and B ( Stark shift depends not only on the magnitude of the applied field, but also its orientation 32 .
The underlying symmetry of the atomic structure of the color center thus can be probed by the angular dependence of the Stark effect. We further develop a Rotating Field Method that fully control both the magnitude and orientation of the total electric field at the location of SPE by assigning the voltages of multiple electrodes (Methods). With a fixed local electric field magnitude of 0.08 V/nm, the ZPL is 1.13 meV red (1.32 meV blue) shifted when the applied field pointing to 140° (320°), while the shift with the electric field along 230° is negligible. The
Stark shifts hΔν as a function of the angle θ of the local field F is well-fitted with electric permanent dipole moment model (Fig 3b) based on perturbation theory to the first order:
where Δμ and ϕ denote the dipole moment responsible for the Stark effect and its orientation angle, respectively. Such result further justifies that the Stark effect is dominated by an electric permanent dipolar term. From the fitting we estimate the magnitude of the dipole is |Δμ| = 0.65 ± 0.04 D where 1 D = 3.33e-30 Cm, which is on the same order as the NV center in diamond 7 . The discovered electric permanent dipole moment corresponds to the asymmetric charge distribution at the hBN SPE, which will facilitate the future study of the atomic structure and electronic levels of the color center. In contrast, the linear polarization of emitted photons characterized in earlier reports is determined only by the optical transition dipole and features cosine-squared angular dependence, which omits the information for inversion symmetry of atomic structure (see Methods). We clarify such distinctive difference in Fig. 3b (blue circles). It should be noted that the direction for maximum Stark shift is coincident with that of the emission polarization (Fig. 3b Inset), which corresponds to the intersection of the mirror symmetry plane of the color center and the hBN atomic layer plane.
We emphasize that the key to observe the room-temperature giant Stark shift is a combined effort of several crucial factors. First, the large band gap of hBN crystal and low phonon scattering make a superb room-temperate SPE. Second, the layered structure of hBN likely leads to an in-plane dipole moment 4 , such that an applied in-plane electric field can be well aligned with the dipole orientation. Third, closely spaced electrodes (within a few hundreds of nanometers) enabled by nanofabrication can easily be integrated with the nano-scale hBN flake such that large voltages (even above 100V) can be applied for local electric fields (on the order of 0.1V/nm) around one order of magnitude greater than previous works in diamond color ( ) 
Methods
Device fabrication. The hBN nanoflakes are purchased from Graphene Supermarket, in the form of a liquid suspension and drop-cast on silicon substrate with ~ 280 nm thermal oxide on top.
The samples are then annealed at 1000 C for 30 min in an Ar/H2 environment followed by slow cooling down. Individual single photon emitters are found by fluorescence microscopy and characterized by PL emission spectroscopy, polarization analysis and g (2) measurement. Electron beam lithography is used to define the electrode pattern around the located single photon emitters.
The electrodes are made of 5 nm Ti and 100 nm Au deposited by electron beam evaporation.
Rotating Field Method. When we apply an electric field via multiple electrodes, the total external field can be considered as linear combination of the fields generated by individual electrodes. In our experiment, two voltage signals are applied to electrodes A and C ( In order to generate a local field with specific amplitude F0 and direction θ, we consider the following equation:
Here we follow previous works and use Lorentz approximation to calculate the local field from the external field. L = (εr+2)/3 is the Lorentz factor. The relative permittivity εr is taken from a reference 31 . Combining the two equations above gives .
The structure information from the discovered electric permanent dipole moments. The electric permanent dipole moments correspond to the charge distributions of the electronic states of the SPEs. It can be calculated for the ground and excited states of an SPE as where ψ is the wave function of electronic states, and the subscriptions g and e correspond to ground and excited states, respectively. Such dipole moments contribute to Stark shift through Δµ = µe-µg (Eq (1)). A non-vanishing Δµ indicates non-zero µe and/or µg, which must result from non-inversion symmetric probability densities of electrons |ψe| 2 and/or |ψg| 2 as well as atomic structure.
On the contrary, the optical polarization is determined by optical transition dipole moment , which emits an optical wave with electric field parallel to the dipole, along the directions normal to it. After polarizer, the detected optical intensity has a squared-cosine dependence I(θ) = I0cos 2 (θ) on polarization angle θ, which returns itself after θ→ θ+180°. As such measurement is always inversion symmetric, it cannot tell whether inversion symmetry breaks or not at the emitter.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. Insets show g (2) of the device measured at ±10 V, certifying that the single photon emission remains under external electric fields. The spectra and g (2) are measured under the excitations of continuous-wave 473 nm and 532 nm lasers, respectively. The acquisition time for g (2) is 10 s.
The excitation intensity is 100 uW/μm 2 for all measurements. 
